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Abstract
Male courtship display is common in many animals; in some cases, males engage in court-
ship indiscriminately, spending significant time and energy courting heterospecifics with
whom they have no chance of mating or producing viable offspring. Due to high costs and
few if any benefits, we might expect mechanisms to evolve to reduce such misdirected
courtship (or ‘reproductive interference’). In Habronattus jumping spiders, males fre-
quently court heterospecifics with whom they do not mate or hybridize; females are larger
and are voracious predators, posing a severe risk to males who court indiscriminately. In
this study, we examined patterns of misdirected courtship in a natural community of four
sympatric Habronattus species (H. clypeatus, H. hallani, H. hirsutus, and H. pyrrithrix). We
used direct field observations to weigh support for two hypotheses (differential microhabi-
tat use and species recognition signaling) to explain how these species reduce the costs
associated with misdirected courtship. We show that, while the four species of Habronat-
tus do show some differences in microhabitat use, all four species still overlap substan-
tially, and in three of the four species individuals equally encountered heterospecifics and
conspecifics. Males courted females at every opportunity, regardless of species, and in
some cases, this led to aggression and predation by the female. These results suggest
that, while differences in microhabitat use might reduce misdirected courtship to some
extent, co-existence of these four species may be possible due to complex communication
(i.e. species-specific elements of a male’s courtship display). This study is the first to
examine misdirected courtship in jumping spiders. Studies of misdirected courtship and its
consequences in the field are limited and may broaden our understanding of how biodiver-
sity is maintained within a community.
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Introduction
In many animals, courtship displays have evolved to facilitate successful mating, often by
providing information about a potential mate’s location, sex, species, or quality as a mate
(reviewed in [1]). Yet, courtship often incurs costs, such as increased energy expenditure (e.g.,
[2–4]), decreased longevity (e.g., [5–6]), and increased predation risk (e.g., [7–8]). We would
thus expect that selection should favor individuals that reduce their courtship efforts in situa-
tions where these costs outweigh potential reproductive benefits. However, many animals
(e.g., ground-hoppers, moths, flies, ticks, lizards, fish) invest time and energy courting hetero-
specifics with which they never mate or are unable to produce viable offspring (reviewed in
[9]), or even attempt mating with inanimate objects (e.g., [10]). In addition to simply wasting
energy that could be invested in other activities, such misdirected courtship (or ‘reproductive
interference’) can also reduce or prevent viable mating opportunities for both sexes (e.g., [11–
16]). Given such costs, we might expect selection to favor mechanisms that prevent or reduce
misdirected courtship. However, this topic has been given little attention in the ecological liter-
ature and is strongly biased towards laboratory rather than field studies where the ecological
relevance is sometimes unclear (see [9]).
Jumping spiders (family Salticidae) are an excellent group in which to examine mechanisms
that reduce heterospecific courtship because, for male jumping spiders, the consequences of
courting a female of the wrong species can be severe. Females of most salticid species are gen-
eralist predators and thus courting males, even of the same species, can become either a poten-
tial mate or prey item; as such, cannibalism from conspecific females and predation from
heterospecific females is an important risk (reviewed in [17]). Even conspecific courtship is
risky; if heterospecific courtship never results in offspring, we might expect strong selection on
males to avoid it. Despite a growing body of literature addressing misdirected courtship in ani-
mals, few studies have considered the potential cost of predation from the female that is being
courted (see [9] for a review of misdirected courtship); this cost is unique to voracious and
cannibalistic predators such as spiders [12] and praying mantises [13].
Across the jumping spider genus Habronattus, adult males are not very discriminating in
courtship; in the lab, they readily court dead conspecific female specimens as well as live het-
erospecific females (LAT, unpub. data). Such indiscriminate male courtship behavior may be
responsible, in part, for driving the patterns of hybridization seen among some Habronattus
species that overlap in the field [18–19]. It may not be surprising if males cannot easily visually
discriminate among females as they are relatively drab and similar to one another in coloration
and do not engage in overt receptivity displays to courting males (LAT, unpub. data). Here we
examine patterns of heterospecific courtship under natural conditions where multiple Habro-
nattus co-occur. Specifically, we worked in a riparian area in which four sympatric species of
Habronattus exist in high abundance and overlap in the timing of sexual maturity and mating.
These particular species are all from different species groups [18] and do not hybridize (LAT,
pers. obs.), yet males from all four species have been observed to readily court females of any
of the other species in the lab, even though both conspecific and heterospecific adult females
are voracious and cannibalistic predators [20]. Female predation on adult males (both conspe-
cific and heterospecific) has been documented on numerous occasions in both the lab and
field ([20], LAT, pers. obs.), although the extent to which it is occurs across different Habronat-
tus species has not been studied. In addition to the risks of predation from females, courtship
for Habronattus males is likely to be energetically costly; males engage in dramatic dances
consisting of coordinated combinations of color, motion, and seismic cues (e.g., [18, 21–25])
and will court continuously for hours in the lab, even if females are unreceptive or aggressive
(LAT, pers. obs). In addition to the energetic expense of dancing, the conspicuously colored
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ornaments that males display to females (e.g., [26–27]) may increase predation risk by visual
predators (see [28]).
In this study, we aim to address the following question: under natural conditions, how do
males reduce or avoid high costs associated with misdirected heterospecific courtship? Spe-
cifically, we use direct observations of spiders in the field to weigh support for two potential
hypotheses for the reduction of heterospecific courtship costs. Our first hypothesis is that
heterospecific interaction rates are effectively reduced by differential use of the microhabitat
(e.g., substrate, light environment) by the four species. Field observations of Habronattus
indicate that females spend much of their time at rest in particular microhabitats (for feed-
ing, nesting, etc.) while males spend much of their time actively moving, seeking out, and
courting females at every opportunity [20]. Thus, if the Habronattus species in our study are
utilizing the habitat differently, we expect females of the four species to be partitioned in
space while males move around in areas where they would be most likely to find conspecific
females. In each of the four species in our study, males have very different colorful orna-
ments, ranging in color from solid black, to black and white striped, to bright red, to irides-
cent green and pink (see Fig 1, see also [29]). In addition, males of these species also differ
dramatically in vibratory aspects of their display; one produces no vibrations, one produces
simple low-frequency vibrations, and two produce highly complex vibratory displays (D.
Elias, personal communication). Because color signal transmission is strongly affected by
both the visual background and the light environment where courtship takes place (e.g., [30–
33]) and vibratory transmission is strongly affected by physical properties of the substrate
[34], it is reasonable to expect differences in substrate preferences of females from these dif-
ferent species, in order to optimize perception of their conspecific male’s particular display.
If the four species are indeed partitioned in space with little overlap, this may explain why
males have adopted the strategy of indiscriminately courting every female they encounter;
such a strategy may be beneficial if heterospecific interactions are relatively rare compared
with conspecific interactions.
An alternative hypothesis is that the four species do not differ in microhabitat use; as a
result, heterospecific interactions will be just as common as conspecific interactions. Such
high heterospecific interaction rates would mean that males and females must rely solely on
communication with one another to identify appropriate, conspecific, mates. Animals may
rely on multiple signals to achieve positive species recognition [35], some of which begin
from afar and become more subtle (and species-specific) as the conspecific approaches
[36–37]. If this is the case, it may help to explain why Habronattus males have evolved such
a rich diversity of multi-modal display traits, as these may be necessary to capture female
attention and subsequently communicate species identity to females from a safe distance as
they approach.
In this study, we use focal behavioral observations on free-ranging spiders to weigh sup-
port for the differential-microhabitat-use and species-recognition-signaling hypotheses.
While we present them as discrete alternatives, both generating clear and testable predic-
tions, we anticipate that subtleties in the data will allow us to weigh the relative support for
each hypothesis. Ultimately, we will be able to place each species along a hypothetical contin-
uum ranging from complete isolation from others (i.e., heterospecifics do not interact in the
field) to complete overlap (i.e., heterospecific interaction rates are as common as conspecific
interaction rates). This study is the first to examine misdirected courtship in jumping spi-
ders, a ubiquitous and diverse taxon with more than 5000 species worldwide [38]. A better
understanding of how jumping spider species overlap and interact under natural conditions
will help explain how similar species can co-exist, allowing for the maintenance of biodiver-
sity within a habitat.
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Fig 1. Adult sexual dichromatism on the face and legs of four sympatric species of Habronattus. H.
clypeatus male (a) and female (b), H. hallani male (c) and female (d), H. hirsutus male (e) and female (f), and
H. pyrrithrix male (g) and female (h). Though females all look similar to one another, they can be identified
based on subtle differences in dorsal and facial markings.
https://doi.org/10.1371/journal.pone.0173156.g001
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Methods
Study species
The genus Habronattus is the most diverse jumping spider genus, with approximately 100 spe-
cies [18]. Males and females have trichromatic vision that enables color discrimination from
UV through red [39], and males are highly ornamented with a striking diversity of brilliantly
colored faces and legs that they display to drab, cryptic females during elaborate courtship
dances (e.g., [18, 21, 23–25, 40]). When a Habronattus male locates a female in the field, he
begins his display with a species-specific combination of leg-waving motions and then often
zig-zags or sidles back and forth as he slowly approaches her (LAT, pers. obs). In addition to
these visual aspects of display, males of many species also produce species-specific substrate-
borne vibrations as part of their display, particularly as they advance through courtship and
get closer to females [41]. Evidence from geographically isolated sky island populations of
Habronattus pugilis suggests that sexual selection is responsible for driving such striking male
diversification [19, 42].
Our study focused on four sympatric Habronattus species, described in more detail below.
There is currently no field data available on the daily activity patterns or reproductive periods
of these four species. At our field site, individuals of all ages and both sexes are active through-
out the day (LAT, pers. obs.). Adult males and females can be found year-round, but are most
commonly encountered between March and November (LAT, pers. obs.). Adult females of all
four species are voracious generalist predators and are generally larger than adult males; preda-
tion by females on both conspecific and heterospecific males has been documented on numer-
ous occasions ([20], LAT, pers. obs.). Geographic variation in coloration is common within
the genus (see [29]) and thus some subtleties of the color pattern described here might be typi-
cal of this population in Phoenix, Arizona, USA.
Habronattus clypeatus (Banks). Adult male H. clypeatus have white faces with contrasting
dark vertical bands beneath their anterior median eyes, and the undersides of their first pair of
legs used in display are gray and covered with white, spatulate scales (Fig 1a). In addition to
their visual displays, males also produce complex vibratory songs that increase in complexity
and intensity as they approach females (D. Elias, personal communication). Females are a drab
gray and brown with white faces (Fig 1b). H. clypeatus is found in northern Mexico and the
southwestern USA and as far north as Wyoming, USA [29].
Habronattus hallani (Richman). In adult male H. hallani, the faces and first two pairs of
legs are adorned with iridescent scales that change in hue from green to pink, depending on
viewing angle (Fig 1c). Unlike many other Habronattus species, H. hallani males do not have a
vibratory component to their display (D. Elias, personal communication). Females are a drab
gray and brown with white faces and characteristic dark, curved bands below their anterior
median eyes (Fig 1d). H. hallani is distributed through the southwest USA to northern Mexico
[29].
Habronattus hirsutus (Peckham and Peckham). Adult male H. hirsutus have dark gray/
black front legs, the underside of which exhibit a narrow greenish band, and are further
adorned with dense hairs (Fig 1e). Most adult males in our focal population have completely
black faces (Fig 1e), but we have observed occasional males with bright red facial patches
(LAT, pers. obs., see S1 Fig). This degree of variation in facial coloration is typical on a geo-
graphic scale but is not well understood (see [29]). More than 95% of males in our focal popu-
lation were of the black-faced form, including all of those that were the subjects of focal
observations. In addition to their visual displays, male H. hirsutus produce simple, low-fre-
quency vibrations during courtship (D. Elias, personal communication). Females are a drab
gray and brown with white faces that have subtle dark markings just below and just above the
Misdirected courtship in jumping spiders
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anterior median eyes (Fig 1f). H. hirsutus is broadly distributed across western North America,
from southern Canada to Mexico [29].
Habronattus pyrrithrix (Chamberlin). Adult male H. pyrrithrix have bright red faces and
green front legs (Fig 1g), both of which are condition-dependent and displayed to females dur-
ing courtship [26–27]. The presence of male red facial coloration improves courtship success
when males are courting in the sunlight [43]. Similar to H. clypeatus (described above), male
H. pyrrithrix produce highly complex vibratory songs along with their visual displays [41].
Females are drab gray and brown with white faces (Fig 1h). H. pyrrithrix is distributed from
the southwest USA to Sinaloa, Mexico [29].
Study site
All behavioral observations were made at the Rio Salado Habitat Restoration Area (RSHRA) in
Phoenix, Arizona, (Maricopa County, 33.42˚N, 112.07˚W), USA. The purpose of the RSHRA
is to reestablish native wetland and riparian habitats that were historically associated with the
Salt River (Rio Salado), which used to flow year-round [44]. Habronattus were generally con-
centrated in the leaf litter and vegetation within the gallery forests dominated by cottonwood
(Populus fremontii) and desert willow (Chilopsis linearis). Permission to conduct this work was
granted by the City of Phoenix Parks and Recreation Department.
Data collection
Behavioral observations were carried out between 900 and 1500 hrs. from March to November
in 2009 and 2010. We located Habronattus by visually scanning the leaf litter and vegetation
in the field. When we located a spider, we conducted a 15-minute behavioral observation in
which we followed that spider from approximately 1m away and recorded behavior using
voice recorders. Our sample sizes vary due to differences in abundance among species (H. cly-
peatus: n = 12 (5 females, 7 males), H. hallani: n = 14 (8 females, 6 males), H. pyrrithrix: n = 34
(20 females, 14 males), H. hirsutus: n = 27 (10 females, 17 males)).
We tracked every transition spiders made between sunlight and shade and used this to
quantify the total amount of time spent in each. We also quantified the amount of time spent
on different substrate types (cottonwood leaf litter, desert willow leaf litter, cottonwood vegeta-
tion, desert willow vegetation, grass, or dirt/rock). We recorded all interactions between the
focal spider and either conspecific or heterospecific Habronattus. We defined an ‘interaction’
as any case in which both spiders responded to the presence of the other by orienting their
anterior median eyes at the other individual (e.g., [45]). We recorded all instances of courtship,
aggression (attacks), predation/cannibalism, and copulation. Because we frequently saw other
individuals in the vicinity that did not interact with the focal spider, but that still provided
valuable information about the local abundance and activity of the community, we recorded
the number of other non-interacting Habronattus that we saw within 0.5m of the focal spider
during the observation. Because our attention was focused on the behavior of the focal individ-
ual, our estimates of other Habronattus in the vicinity are likely to be more conservative than
the actual abundance of spiders inhabiting the area. If spiders captured prey or were found
feeding during the focal observation, we recorded the identity of the prey item (identified to
family when possible).
After behavioral observations were completed, we temporarily captured each individual in
a clear plastic vial. We confirmed the maturity of females by examining their epigynum;
mature females can be distinguished from immatures by the presence of a sclerotized epigy-
num [46]. To ensure that no individual was observed more than once, we marked spiders after
observations with a small black dot (~1mm in diameter) on the underside of their abdomen
Misdirected courtship in jumping spiders
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using non-toxic liquid eyeliner (Urban Decay Cosmetics, Costa Mesa, CA, USA), which pro-
duced a permanent mark.
Data analysis
To determine if females of the four species utilized the available microhabitat differently, we
compared substrate and light environment use (% of time spend on the different substrates
and % of time spent in the sun and shade) among females of the four species using nonpara-
metric Kruskal-Wallis tests with Steel-Dwass pairwise comparisons (α = 0.05). For substrate,
we first compared each species’ use of the three broad categories of microhabitat (leaf litter,
vegetation, dirt/rock) and then we repeated the analysis on a finer scale that considered more
subtle differences in microhabitat (cottonwood leaf litter, willow leaf litter, cottonwood vegeta-
tion, willow vegetation, grass, dirt/rock). We then compared the percentage of time that
females of each species spent in the sun (vs. the shade).
To examine if males were located in microhabitats where they would be most likely to
encounter conspecific females, we then determined if there was a correlation across species
between female microhabitat use (i.e., substrate, light environment) and male microhabitat
use using non-parametric Spearman rank correlations. Because there was a clear difference in
broad patterns of habitat use, with H. hirsutus spending the majority of time in the vegetation
and the other three species spending the majority of time in the leaf litter (see Results), we ran
an additional analysis on just the litter-dwelling species to determine if males of these three
species were preferentially found in microhabitats where they would be most likely to find
conspecifics.
To compare the mean number of conspecific interactions during focal observations with
the number of heterospecific interactions for each species, we used non-parametric Wilcoxon
signed rank tests. Because our study focused on the ecological importance of misdirected
courtship, we conducted a second analysis, where we excluded interactions with juveniles and
only examined interactions between sexually mature adults.
We used non-parametric statistics because our data did not meet relevant assumptions. All
statistical analyses were performed using SAS 9.2 and JMP 9.0.2 (SAS Institute, Cary, NC,
USA).
Results
Use of substrate and light environment
Female H. clypeatus, H. hallani, and H. pyrrithrix all spent the majority of their time on the
ground in the leaf litter (67%, 86%, and 80% of their time, respectively). In contrast, female H.
hirsutus spent the majority of their time above the ground in the vegetation (72%). While there
were significant differences among species in the females’ use of the leaf litter and vegetation
(leaf litter: X2 = 15.29, P = 0.0016, vegetation: X2 = 16.85, P = 0.0008; dirt/rock: X2 = 2.69,
P = 0.441), there was still substantial overlap; females of all four species were found, at least
occasionally, in both the leaf litter and the vegetation (Fig 2a). When we examined female sub-
strate use on a finer scale, we again found significant differences among the species in their use
of the substrate, but again there was substantial interspecific overlap in substrate use (cotton-
wood leaf litter: X2 = 14.86, P = 0.0019, willow leaf litter: X2 = 6.45, P = 0.084, cottonwood
vegetation: X2 = 14.44, P = 0.0024, willow vegetation: X2 = 6.70, P = 0.082; grass: X2 = 4.66,
P = 0.198, dirt/rock: X2 = 2.69, P = 0.441, Fig 2b). Females of the four species differed in the
amount of time spent in the sunlight, with H. hallani spending the least time in the sunlight
and H. hirsutus and H. pyrrithrix spending the most (X2 = 10.80, P = 0.013; Fig 3).
Misdirected courtship in jumping spiders
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Fig 2. Comparison of the percentage of time that females of each species spent on different (a) broad categories of substrate
and (b) finer categories of substrate during field behavioral observations (mean ± SEM). In (a), different letters indicate significant
differences between species in their use of the leaf litter and vegetation.
https://doi.org/10.1371/journal.pone.0173156.g002
Misdirected courtship in jumping spiders
PLOS ONE | https://doi.org/10.1371/journal.pone.0173156 April 5, 2017 8 / 19
Fig 3. Comparison of the percentage of time that females of each species spent in the sun during behavioral observations in the field
(mean ± SEM). Unshared letters indicate significant differences between species.
https://doi.org/10.1371/journal.pone.0173156.g003
Table 1. Spearman rank correlations between female habitat preference and the preference of con-
specific males in four species of sympatric Habronattus (H. clypeatus, H. hallani, H. hirsutus, and H.
pyrrithrix). Significant correlations suggest that males may be searching for females in specific habitats
where they may be most likely to find conspecifics.
Microhabitat Rho (ρ) P
Light environment
Sunlight (vs. shade) 0.400 0.600
Broad substrate category
Leaf litter 1.000 <0.001
Vegetation 1.000 <0.001
Dirt/rock 0.770 0.225
Finer scale substrate categories
Cottonwood* leaf litter 1.000 <0.001
Willow† leaf litter 0.632 0.368
Cottonwood* vegetation 0.316 0.684
Willow† vegetation 0.800 0.200
Grass -0.544 0.456
* Populus fremontii
† Chilopsis linearis
https://doi.org/10.1371/journal.pone.0173156.t001
Misdirected courtship in jumping spiders
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When all four species were analyzed together, there were significant positive correlations
between female substrate location and the location of conspecific males in some, but not all,
substrate types (Table 1). Similarly, when the analysis was restricted to the three predomi-
nantly litter-dwelling species (H. clypeatus, H. hallani, and H. pyrrithrix), there were significant
positive correlations between the location of females and conspecific males in some, but not
all, substrate types (Table 2). The amount of time females spent in the sunlight was not corre-
lated with the amount of time that conspecific males spent in the sunlight, either when all four
species were analyzed together (Table 1) or when the analysis was restricted to the predomi-
nantly litter-dwelling species (Table 2).
Behavioral interactions
Densities of Habronattus were high; in 57 of 87 (66%) observations we spotted at least one
other Habronattus within a 0.5m radius of the focal individual and in 33 (38%) observations,
the focal spider interacted with at least one other Habronattus. We observed a total of 42 inter-
actions between focal spiders and other Habronattus, 35 (83%) of which occurred between sex-
ually mature adults (see specific breakdown of interactions among species and sexes in Fig 4).
Of the interactions between sexually-mature adults, twenty-seven (77%) of these involved
interactions between conspecifics and 8 (23%) involved interactions between heterospecifics.
Twenty-two (52%) of all interactions occurred between sexually mature males and females (15
of which were between conspecifics and 7 between heterospecifics). In 100% of these 22 inter-
actions, regardless of whether or not they were conspecifics or heterospecifics, males engaged
in courtship. During courtship interactions, males were attacked in four cases (18%); 3 of these
occurred during conspecific courtship (between male and female H. pyrrithrix) and one during
heterospecific courtship (between a male H. clypeatus and a female H. pyrrithrix). In one of the
cases of conspecific aggression, the male was attacked several times by the female, but he con-
tinued to court and eventually copulated with her; copulation occurred in the leaf litter in full
sunlight. In the heterospecific case, the male was attacked several times and was eventually
Table 2. Spearman rank correlations between female habitat preference and the preference of con-
specific males in three litter-dwelling species of Habronattus (H. clypeatus, H. hallani, and H. pyrrith-
rix). Note that the primarily vegetation-dwelling H. hirsutus is excluded from this analysis. Significant
correlations suggest that males may be searching for females in specific habitats where they may be most
likely to find conspecifics.
Microhabitat Rho (ρ) P
Light environment
Sunlight (vs. shade) 0.500 0.667
Broad substrate category
Leaf litter 1.000 <0.001
Vegetation 1.000 <0.001
Dirt/rock 0.867 0.333
Finer scale substrate categories
Cottonwood* leaf litter 1.000 <0.001
Willow† leaf litter 1.000 <0.001
Cottonwood* vegetation -0.867 0.333
Willow† vegetation 1.000 <0.001
Grass -0.500 0.667
* Populus fremontii
† Chilopsis linearis
https://doi.org/10.1371/journal.pone.0173156.t002
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Fig 4. Summary of interactions between sexually mature adults in four species of sympatric Habronattus illustrating how rates of misdirected
courtship likely vary by species. Thickness of arrows represents the relative frequency of interactions per observation (with wider arrows indicating
more frequent interactions). Curved arrows indicate interactions between individuals of the same species and sex. In 100% of interactions between adult
males and adult females (regardless of species), courtship occurred. H. clypeatus male (a) and female (b), H. hallani male (c) and female (d), H. hirsutus
male (e) and female (f), and H. pyrrithrix male (g) and female (h).
https://doi.org/10.1371/journal.pone.0173156.g004
Misdirected courtship in jumping spiders
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eaten by the female. One instance of aggression was observed between adult females, when an
H. clypeatus attacked (but did not kill) a female H. pyrrithrix. No aggression was observed
between males.
For H. clypeatus, H. hallani, and H. pyrrithrix, there were no significant differences
between conspecific and heterospecific interaction rates (i.e., an individual was just as likely
to interact with a heterospecific as they were with a conspecific, although H. pyrrithrix
tended to have more conspecific than heterospecific interactions; H. clypeatus: S = -2.00,
P>0.999; H. hallani: S = 0.00, P>0.999; H. pyrrithrix: S = -90.5, P = 0.051; Fig 5). For H. hirsu-
tus, individuals had significantly more interactions with conspecifics than heterospecifics
(S = -100.5, P = 0.004; Fig 5). When we limited our analysis to interactions between sexually
mature adults (excluding interaction with juveniles), there were again no significant differ-
ences between conspecific and heterospecific interaction rates in H. clypeatus, H. hallani, or
H. pyrrithrix, although H. pyrrithrix tended to have more conspecific than heterospecific
interactions (H. clypeatus: S = 0.00, P = 1.00; H. hallani: S = -13.50, P = 0.50; H. pyrrithrix:
S = -77.0, P = 0.088). Again, in H. hirsutus, individuals had more interactions with conspecif-
ics than heterospecifics (S = -72.0, P = 0.023).
To compare these interaction rates with other ecologically relevant events, in only 2 of 87
focal observations (2%) did we see the focal individual capture prey. In both cases, the focal
spider was a female H. hallani attacking and eating a juvenile H. hirsutus (~3mm in size).
Fig 5. Comparison of the number of conspecific and heterospecific interactions during behavioral observations in the field (mean ± SEM).
Asterisks (*) indicate significant differences between conspecific and heterospecific interaction rates within a species.
https://doi.org/10.1371/journal.pone.0173156.g005
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Discussion
In this study, we examined two hypotheses to explain how four sympatric Habronattus jump-
ing spider species might avoid the high costs associated with heterospecific courtship in the
field. Our results suggest that, while there is some evidence that the four species utilize the hab-
itat and light environment differently, there is still substantial overlap between all four species.
This overlap leads to high interaction rates among species and high rates of heterospecific
courtship, suggesting that aspects of communication likely play a role in mitigating the costs of
these interactions.
In other species where reproductive interference is costly, habitat partitioning has been sug-
gested as a mechanism that allows species to co-exist (e.g., [47]). In this study, we show that
females of four different species of Habronattus do indeed utilize the available microhabitats
and light environments slightly differently, which may reduce heterospecific interactions to
some extent. Specifically, female H. hirsutus spend much of their time above the ground in
the vegetation, while the other three species are predominantly ground-dwelling. Among the
ground dwellers, all three species spent most of their time in cottonwood leaf litter, substan-
tially overlapping in the type of habitat used. The four species also showed different light envi-
ronment use, with H. hallani females spending the least time in the sun and H. hirsutus and H.
pyrrithrix spending the most. Our study relied on tracking focal individuals and observing
behavior in detail, rather than systematically sampling every individual in different substrates
at different times of the day or across seasons and years. One limitation of our approach is that
we can’t rule out the possibility that our focal observations were biased towards habitats where
spiders were more obvious. Additional systematic sampling (e.g., exhaustively sampling every
individual present along transects at regular intervals throughout the year) will be an impor-
tant next step to more fully characterize patterns of habitat partitioning.
Because females generally spend most of their time at rest, while males spend most of their
time moving (e.g. actively searching for females [20]), we went on to test if males searched
for females in microhabitats where they would be most likely to find conspecifics, rather than
heterospecifics. Our results indicate that there were significant positive correlations between
female substrate use and the substrate use of conspecific males in some, but not all, substrate
types. This suggests that, in some cases, males may be searching for conspecific females on sub-
strates where they are most likely to find them. However, there was no correlation between
the light environment locations of males and females across species, suggesting that males are
likely not biasing their mate search towards light environments where they are most likely to
find conspecific females.
An alternative explanation for how Habronattus species might mitigate the high costs of
heterospecific courtship is that, rather than being environmentally segregated, they simply rely
on communication with every individual that they encounter to identify appropriate court-
ship/mating targets. While we found some evidence of microhabitat partitioning, we also
found very high rates of interaction among all four species, suggesting that communication is
likely important in reducing the costs of misdirected courtship. To put these interaction rates
in perspective, over the course of 87 focal observations (15 minutes each), we observed only
two focal spiders capturing prey, but we observed 42 focal spiders interacting with other indi-
viduals. Of those interactions, 22 involved courtship. For each spider, this is approximately 2
interactions per hour (or 1 courtship interaction per hour), compared with only 0.092 prey
items captured per hour. Interactions with other individuals are clearly common and ecolog-
ically relevant events for these spiders. Interestingly, for three out of the four species (H.
clypeatus, H. hallani, and H. pyrrithrix), individuals were just as likely to interact with a hetero-
specific as they were with a conspecific. Not surprisingly, H. hirsutus was the only species
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where conspecific interactions were significantly more likely than heterospecific interactions;
this is likely because H. hirsutus spends most of its time in the vegetation, away from the other
three species. While misdirected heterospecific courtship was the focus of this study, the high
rates of conspecific courtship were also notable, suggesting that females likely have the oppor-
tunity to be choosy and males likely have the opportunity to mate multiple times. Similarly, in
a recent field study of Habronattus americanus, females encountered approximately one court-
ing conspecific male per hour but rejected most, indicating high levels of female choosiness
[48]. Clearly, frequent communication both within and between species is an important aspect
of Habronattus ecology.
For male animals that provide no resources to their mate (e.g., food, parental care), selec-
tion may favor those that mate multiply and indiscriminately [49]. However, for male Habro-
nattus, indiscriminate courtship comes with a risk that is not faced by males in many other
taxa: female aggression and predation. While this phenomenon has not been well-studied,
there is recent evidence from two taxa of voracious predators (praying mantises and gift-giving
spiders) that indiscriminate courtship by males leads to aggression and predation by hetero-
specific females [12–13]. Our data show that female aggression in Habronattus can occur dur-
ing both conspecific and heterospecific courtship in the field. Attacks on courting males
occurred in 18% of our courtship observations (one which resulted in the male being killed).
Given how much of their time males spend courting and that courtship can last for hours, and
extend well beyond our 15-minute focal observation period (LAT, pers. obs.), attacks from
females are likely to be a significant and ecologically-relevant risk for males in the field. In con-
specific courtship, it is possible that this risk is outweighed by the possibility of successful
copulation; before succeeding, the only focal male in our study that copulated was first
attacked several times by the same female. However, in the case of heterospecific courtship,
males are unlikely to gain any benefit from courting a heterospecific, but they pay the same
cost; one male in our study was attacked several times by a heterospecific female who eventu-
ally captured and ate him. There is growing evidence in spiders that courtship displays incur
both energetic and viability costs for males, as well as increased risk of predation [4, 8, 16, 28,
50–53]. However, we argue that what makes spiders a particularly intriguing system to exam-
ine misdirected courtship is the risk of predation from females, a cost that is only rarely exam-
ined in this context (see review in [9]).
Females may also incur costs associated with courtship; in some species of jumping spiders,
evidence suggests that females actually face a higher predation risk than the males who are
courting them [54]. In water striders, males of some species court and attempt matings with
females indiscriminately [55]. Females often struggle to deter or dislodge males that are
attempting to copulate with them, but such struggling results in a 200% increase in energy
expenditure [56]. Female Habronattus also likely pay a similar cost for misdirected courtship.
In this study, courting males who were rejected in the field often pursued females, even when
they attacked males or tried to hop away. Given the high heterospecific interaction rates
observed in our study, constantly moving away from courting heterospecific males is likely to
incur energetic costs for females and increase their conspicuousness to predators. While
females are often bigger than males and can readily attack them, we provide observational data
in the field showing that initial attacks are not always successful and that males may dodge
attacks while continuing to court. All of these observations suggest that misdirected courtship
likely incurs costs for female Habronattus, as well as males.
It seems likely that the colorful, species-specific ornaments and multimodal courtship dis-
plays of male Habronattus help them reduce the risks associated with misdirected courtship. If
these displays allow a male to identify himself from a distance, indiscriminate courtship may
give him the opportunity to safely assess a female’s receptivity or aggression. Work done with
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two other jumping spider species (Cosmophasis umbratica and Phintella vittata) has shown
that blocking UV light affects mate-choice decisions, suggesting that UV coloration plays an
important role in sex and/or species recognition in these species [57–59]. In Habronattus how-
ever, the role of color as a species recognition signal is less straightforward. In H. pyrrithrix, the
presence of a male’s bright red face and green leg coloration are not required for successful
copulation, although the presence of red facial coloration improves male courtship success
only in certain contexts (i.e. under bright lighting conditions [43]). Although not a required
species recognition signal, elaborate male colors may help females assess a male’s species iden-
tity under certain environmental conditions. If a male’s display colors help him to signal and
assess female receptivity from a safe distance, then he may use additional signal components to
provide more information as he approaches. In many Habronattus species, complex, species-
specific vibratory signals are incorporated into the courtship display and appear to be impor-
tant only after males have moved closer to females [24, 41]. Additionally, other species of
jumping spiders rely heavily on chemical signals in mate choice (e.g., [60–61]); it is possible
that Habronattus displays are just as complex in this modality but have yet to be examined.
More work is clearly needed to examine how male Habronattus displays may enable recogni-
tion and avoid aggression by females.
In the present study, the finding that females of the four species of Habronattus utilized the
available substrate and light environment differently is consistent with the idea that male spe-
cies-specific colors have been selected to maximize signal transmission when communicating
with conspecific females in different light environments (e.g., [33]). Male coloration is geo-
graphically variable in many species (see [29]), suggesting that color patterns may be locally
adapted to specific attributes of their environment. While this hypothesis should be examined
on a larger phylogenetic scale, results from the present study provide some intriguing patterns
to be investigated further. First, female H. hallani spent the least time in the sun (see Fig 3);
males of this species have iridescent markings (see Fig 1c) that might allow them to maximize
signal transmission under low light levels, where other colors are less effective (e.g., red, see
[43]). In contrast, female H. pyrrithrix spent the most time in the sun. As described above, the
bright red face of male H. pyrrithrix only improves male courtship success in the sun (but not
in the shade), presumably due to the fact that sunlight is richer in red light while forest and
woodland shade is relatively low in red light [32]. The fact that H. hirsutus also spends most of
their time in the sun may not appear to fit this pattern, yet some males in this population do
indeed exhibit red coloration on their faces (see S1 Fig) and across their geographic range, red
facial coloration in H. hirsutus is relatively common [29]. Clearly, these qualitative relation-
ships are preliminary and speculative but warrant further study within a larger, phylogeneti-
cally-controlled framework. Future work should also consider how each species’ display colors
contrast with the visual backgrounds of different habitats.
Similarly, male species-specific vibratory displays may also be well-matched to the physical
attributes of their microhabitats in ways that maximize signal transmission (as hypothesized in
[34]). Specifically, both H. clypeatus and H. pyrrithrix have complex vibratory components in
their courtship displays (D. Elias, personal communication). Work with H. dossenus (a species
with similarly complex displays) has shown that leaf litter transmits such vibrations with the
least attenuation and females are more likely to mate with males who court on leaf litter (com-
pared with sand or rocks) [34]. As expected, our data showed that both H. clypeatus and H.
pyrrithrix were most commonly found in leaf litter (compared with all other substrate types).
In contrast, H. hirsutus displays have only simple low-frequency songs; while speculative, it
may be that such vibrations are better matched to the cottonwood vegetation (i.e., twigs and
branches) which transmit low-frequency sound well (D. Elias, personal communication).
Finally, H. hallani do not use vibrations in their display (D. Elias, personal communication)
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and instead have one of the most elaborately colored iridescent displays (see Fig 1); as such,
their microhabitat choice may be more tied to visual (rather than vibratory) aspects of their
display. Again, such patterns are speculative at this stage but certainly warrant further study.
The costs of misdirected courtship and heterospecific mating attempts are often density-
dependent and may affect interacting species in different ways depending on their relative
abundance (e.g., [62]). Interestingly, in the community of Habronattus examined in our study,
H. hallani is the least abundant species of the four across five years of observations (LAT,
unpublished data) and is also generally found in low abundance in other areas of its range
(LAT, pers. obs.). As such, we might expect H. hallani females to incur higher relative costs
due to misdirected courtship than the other species, and thus females might benefit from addi-
tional mechanisms of signaling species identity to males. Interestingly, of the three species, H.
hallani is the only species where females exhibit striking facial patterns (see Fig 1d). Future
studies should examine the roles of female face markings within a larger phylogenetic frame-
work to test the idea that they are more likely to evolve in situations where the costs of misdi-
rected courtship are highest. Field studies that systematically examine patterns of relative
abundance of these four species across space and time may help us better understand patterns
of reproductive interference and predict where it is most likely to occur.
A recent review of the literature on misdirected courtship found a strong bias towards labo-
ratory studies (n = 27) compared with field experiments (n = 8) and field observations (n = 9)
[9]. Groening and Hochkirch [9] stress the limitations of laboratory experiments, where lim-
ited space may inflate heterospecific interaction rates and they argue that more field studies
are needed to understand the relevance and significant of such interactions in nature. Here we
show that heterospecific courtship occurs at high rates among four species of sympatric Habro-
nattus jumping spiders in the field and that these interactions can lead to female aggression
and even predation. This high cost of misdirected courtship may help explain the evolution of
colorful and complex multimodal communication of male Habronattus jumping spiders.
Supporting information
S1 Fig. Variation in coloration in male Habronattus hirsutus. (a) Male H. hirsutus with a
completely black face (a) and a male H. hirsutus with a bright red facial patch (b). Over 95%
of the males observed in our focal population at the Rio Salado Habitat Restoration Area
(RSHRA) population were the black-faced form but occasionally males with bright red facial
patches were found. All of the focal H. hirsutus males used for our study were the black-faced
form.
(TIF)
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